Aims/hypothesis. Defective oxidation of long-chain fatty acids is a feature of insulin resistance and Type 2 diabetes. Our aim was to compare the expression levels of the genes encoding the major proteins and enzymes of this pathway in skeletal muscle of healthy subjects and Type 2 diabetic patients. Methods. The basal and insulin-regulated mRNA concentration of 16 genes was quantified using real-time PCR in skeletal muscle biopsies taken before and at the end of a 3-hour hyperinsulinaemic-euglycaemic clamp in healthy lean subjects and in insulin-resistant obese patients with manifest Type 2 diabetes. Results. Acetyl CoA carboxylase-2 mRNA expression was increased 2.5-fold in the muscle of the diabetic patients. The expression of carnitine palmitoyl transferase-1, of the two adiponectin receptors and of genes involved in fatty acid transport and activation was not altered in diabetic patients. Hyperinsulinaemia for 3 hours increased the expression of several genes of fatty acid oxidation, including adiponectin receptor-1 and peroxisome proliferatoractivated receptor γ coactivator-1α. It also reduced pyruvate dehydrogenase 4 mRNA levels. The effects of insulin on gene expression were markedly altered in the muscle of Type 2 diabetic patients except for adiponectin receptor-1 and pyruvate dehydrogenase 4 mRNAs. Conclusions/interpretation. The expression of adiponectin receptors was not altered in the muscle of Type 2 diabetic patients. The observed overexpression of acetyl CoA carboxylase-2 is consistent with the hypothesis that increased skeletal muscle malonyl CoA concentrations in Type 2 diabetes may contribute to the inhibition of long-chain fatty acid oxidation.
Introduction
Altered glucose and lipid metabolic pathways in skeletal muscle are major disturbances associated with insulin resistance in Type 2 diabetes mellitus [1] . In addition to decreased insulin-induced glucose uptake and utilisation, insulin resistance is characterised by a reduced ability to oxidise lipids despite elevated NEFA levels, and by an accumulation of triglycerides in skeletal muscle [1, 2] . During the postabsorptive condition, lipid oxidation is the predominant metabolic activity of resting muscles [3] . A number of studies have demonstrated an altered capacity of lipid oxidation in skeletal muscle of insulin-resistant patients, either at rest in the postabsorptive state [2] , during β-adrenergic stimulation [4] or during moderate-intensity exercise [5] . In parallel to this defect, and perhaps as a consequence of it, there is a significant accumulation of triglycerides within the skeletal muscle cells of insulin-resistant subjects, which correlates negatively with insulin sensitivity [1, 6, 7] . A possible explanation for this strong association is that reduced fatty acid oxidation and excess of triglycerides can favour the intracellular accumulation of long-chain acyl CoAs (LCACoA), which leads to impaired insulin signalling in skeletal muscle, either directly or via activation of protein kinase C isoforms [1, 6, 7, 8] .
To date, the cellular and molecular mechanisms responsible for the reduction in fatty acid oxidation in skeletal muscle of insulin-resistant patients are not completely understood. Mitochondrial dysfunction has recently been proposed as a possible cause. Skeletal muscle mitochondria are smaller and associated with an impaired bioenergetic capacity in Type 2 diabetic subjects [9] . A set of genes involved in oxidative phosphorylation has recently been found to be coordinately down-regulated in the skeletal muscle of Type 2 diabetic patients [10, 11] . Moreover, a strong reduction in mitochondrial oxidative and phosphorylation activities, together with intramyocellular accumulation of lipids, has been observed in the muscle of insulin-resistant subjects [12] . In addition to the mitochondria, altered content of enzymes involved in fatty acid transport and metabolism has also been reported, suggesting that the metabolic capacity of the insulin-resistant skeletal muscle is more oriented towards fat esterification than towards oxidation [4, 13] . One of the most likely candidates is a reduction in the activity of carnitine palmitoyl transferase-1 (CPT1) [6] . This enzyme regulates the entry of long-chain fatty acids (LCFA) into the mitochondria by converting LCACoA into long-chain acyl carnitine in the outer membrane. It has been suggested that decreased expression of CPT1, or a more pronounced inhibition of its activity by malonyl CoA, could explain the diminished ability to oxidise fatty acids in skeletal muscle [6] .
The adipocyte-derived hormone adiponectin has been shown to promote fatty acid β-oxidation in skeletal muscle in mice [14, 15] . Moreover, the plasma adiponectin concentration is decreased in insulinresistant subjects and correlates positively with wholebody insulin sensitivity [16] , suggesting that this hormone also plays a role in the regulation of fatty acid oxidation in humans. Two receptors for adiponectin were recently cloned [17] . They are expressed in mouse skeletal muscle and their overexpression in C2C12 myotubes increased fatty acid oxidation [17] . No data are available regarding possible alterations in the expression and/or function of these receptors in skeletal muscle of insulin-resistant patients.
In this work, we compared the mRNA expression pattern of 16 genes encoding the major controlling enzyme and proteins of the fatty acid oxidative pathway (Fig. 1) , including the two adiponectin receptors. This was done in muscle biopsies from insulin-sensitive healthy subjects and from obese patients with manifest Type 2 diabetes mellitus. Our data provided evidence for increased expression of acetyl CoA carboxylase (ACC2) in the skeletal muscle of Type 2 diabetic patients.
Subjects and methods
Subjects. The characteristics of the 20 subjects involved in the study are presented in Table 1 . None of the control subjects had impaired glucose tolerance or a familial or personal history of diabetes, obesity, dyslipidaemia or hypertension. The Type 2 diabetic patients (HbA 1 c: 10.2±0.2%) interrupted their usual treatment with oral antidiabetic agents at least 5 days before the investigation (interruption done under medical control). All participants gave their written consent after being informed of the nature, purpose and possible risks of the study. The experimental protocol was approved by the Ethics Committees of the Hospices Civils de Lyon and was performed according to French legislation (Huriet law).
Study design.
To characterise insulin sensitivity and to investigate the effect of insulin on target gene expression, the subjects were submitted to a 3-hour euglycaemic-hyperinsulinaemic clamp, as previously described [18, 19] . To determine metabolites, hormones and [6,6-2 H 2 ] glucose isotopic enrichment, blood samples were drawn every 10 min during the last 30 min of the basal and hyperinsulinaemic periods. Metabolite and hormone concentrations were measured using enzymatic methods and radioimmunoassays. Plasma isotopic enrichment of [6,6-2 H 2 ] glucose was determined by Gas-Chromatography-Mass Spectrometry (5971 MSD, Hewlett-Packard, Palo Alto, Calif., USA) and glucose turnover rates were calculated using steady-state equations, as previously described [18, 19] . For the diabetic patients, glucosuria was subtracted from glucose turnover rates to calculate glucose utilisation. To estimate glucose and lipid oxidation rates, respiratory exchange measurements were performed during the final 30 min of the basal and hyperinsulinaemic periods, using a flow-through canopy gas-analyser system (Deltatrac Metabolic Monitor, Datex, Helsinki, Finland) [18, 19] .
Skeletal muscle biopsies and preparation of total RNA. Skeletal muscle samples were obtained by percutaneous biopsies of the vastus lateralis muscle under local anaesthesia (2% lidocaine) and using Weil Blakesley pliers, as described previously [18, 19] . The size of the biopsies averaged 60 mg with no difference between samples from control and diabetic subjects or before and after the clamp. Muscle samples were immediately frozen in liquid nitrogen and total RNA was prepared from the frozen tissue according to an established procedure [20] . Average yields of total RNA were 26±2 µg/100 mg of muscle (wet weight) and were not significantly different in tissues from control and diabetic subjects, before or after the clamp. Total RNA solutions were stored at −80°C.
Quantification of messenger RNAs. The concentrations of the mRNAs corresponding to the genes of interest were measured by reverse transcription followed by real-time PCR using a Light-Cycler (Roche Diagnostics, Meylan, France) [21] . Firststrand cDNAs were first synthesised from 500 ng of total RNA in the presence of 100 units of Superscript II (Invitrogen, Eragny, France) using both random hexamers and oligo (dT) primers (Promega, Charbonnières, France). The real-time PCR was performed in a final volume of 20 µl containing 5 µl of a 60-fold dilution of the RT reaction medium, 15 µl of reaction buffer from the FastStart DNA Master SYBR Green kit (Roche Diagnostics) and 10.5 pmol of the specific forward and reverse primers (Eurobio, Les Ulis, France). Primers were selected in order to amplify small fragments (80 to 200 bp) and to hybridise in different exons of the target sequences. A list of primers and real-time PCR conditions for each mRNA assay is available upon request (vidal@laennec.univ-lyon1.fr). For quantification, a standard curve was systematically generated with six different amounts (150 to 30,000 molecules/tube) of purified target cDNA cloned in the pGEM plasmid (Promega). Each assay was performed in duplicate and validation of the real-time PCR runs was assessed by evaluating the melting temperature of the products, and by the slope and error obtained with the standard curve. The analyses were performed using Light-Cycler software (Roche Diagnostics). The results were presented as absolute concentrations, in amol/µg of total RNA. Cyclophilin mRNA levels were measured as internal standard. A similar concentration of cyclophilin mRNA was found in skeletal muscle of control and Type 2 diabetic subjects (13.8±3.3 and 13.1±1.5 amol/µg total RNA respectively, p=0.431).
Statistical analysis. All data are presented as means ± SE. Statistical significance of the results was determined using the non-parametric Mann-Whitney test, when comparing control and Type 2 diabetic subjects. A non-parametric Wilcoxon's test for paired values was used when comparing mRNA levels before and after the clamp in the same group. The threshold for significance was set at a p value of less than 0.05.
Results

Basal mRNA expression pattern of the target genes in skeletal muscle of control and Type 2 diabetic subjects.
The lean control subjects and the obese Type 2 diabetic patients who participated in the study had classical metabolic characteristics (Table 1 ). In the basal state, after an overnight fast, plasma concentrations of glucose, insulin, NEFA and triglycerides were higher in the Type 2 diabetic patients than in the control subjects. Basal glucose disposal and glucose oxidation rates were similar in the two groups, and the basal lipid oxidation rate, measured by indirect calorimetry, tended to be lower in the Type 2 diabetic patients, although the difference was not significant (p=0.185). During the hyperinsulinaemic clamp, the stimulation by insulin of glucose utilisation rate was profoundly reduced in obese Type 2 diabetic patients. Both insulin-stimulated non-oxidative glucose disposal and glucose oxidation rates were markedly decreased when compared with the corresponding values in healthy lean subjects. In addition, NEFA concentrations during the clamp remained higher in the Type 2 diabetic patients ( Comparison of the mRNA levels of genes coding proteins involved in long-chain fatty acid uptake, transport and activation in the skeletal muscle of control and Type 2 diabetic subjects. Specific mRNA levels were quantified by real-time PCR in total RNA preparations from vastus lateralis skeletal muscle biopsies from healthy lean subjects (white bars) and from obese Type 2 diabetic patients (black bars). Abbreviations, see legend to Fig. 1 . Data are means ± SE Fig. 3 . Comparison of the mRNA levels of genes coding proteins involved in the transcriptional regulation of genes of fatty acid metabolism in the skeletal muscle of control and Type 2 diabetic subjects. Specific mRNA levels were quantified by real-time PCR in total RNA preparations from vastus lateralis skeletal muscle biopsies from healthy lean subjects (white bars) and from obese Type 2 diabetic patients (black bars). *p=0.08; abbreviations, see legend to Fig. 1 . Data are means ± SE Fig. 4 . Comparison of the mRNA levels of genes coding proteins potentially involved in the regulation of fatty acid oxidation in the skeletal muscle of control and Type 2 diabetic subjects. Specific mRNA levels were quantified by real-time PCR in total RNA preparations from vastus lateralis skeletal muscle biopsies from healthy lean subjects (white bars) and from obese Type 2 diabetic patients (black bars). * p<0.05 using the non-parametric Mann-Whitney test. Abbreviations, see legend to Fig. 1 . Data are means ± SE levels of Glut4 and hexokinase II were measured as control in the muscle samples from the two groups. In agreement with a number of previous reports [19, 22] , the Type 2 diabetic patients in this study had an approximately two-fold reduction in the mRNA abundance of hexokinase II when compared with control subjects (2.8±0.6 vs 1.6±0.2 amol/µg total RNA, control vs diabetic subjects, p=0.047), whereas Glut4 mRNA expression was not different between the groups (14±3 vs 13±3 amol/µg total RNA, control vs diabetic subjects, p=0.415). Figure 2 shows the mRNA abundance of seven genes involved in long-chain fatty acyl CoA (LCFA) trans-membrane transport, cytosolic activation or entry into the mitochondria. The expression of fatty acid transporter protein-1 has been studied previously and was found not to differ in skeletal muscle of control and Type 2 diabetic subjects [23] . Here, we found no difference in the mRNA expression levels of the other potential membrane carriers (FAT/CD36 and FABPpm) and of FABP3, the major isoform of cytosolic fatty acid binding protein expressed in skeletal muscle. Activation of LCFAs into LCFACoAs is catalysed by fatty acid CoA ligase (FACL), also called acyl CoA synthase. Due to high sequence similarity, the RT-PCR assay did not discriminate between FACL1 and FACL2 mRNAs. There was no difference in FACL mRNA abundance in the skeletal muscle of control and Type 2 diabetic subjects (Fig. 2) . LCFACoAs enter the mitochondria via the carnitine palmitoyl CoA transferase (CPT) complex (Fig. 1 ). This includes: (i) CPT1 in the outer membrane; (ii) carnitine acyl carnitine translocase (CACT), which mediates the transfer of acyl carnitine into the mitochondria; and (iii) CPT2, which converts longchain acyl carnitine into LCACoA in the inner membrane of the mitochondria, where fatty acids are finally oxidised [24] . We did not find a significant difference in the basal expression levels of these three genes in control and Type 2 diabetic subjects (Fig. 2) . Particularly, there was no alteration in the expression of CPT1 mRNA in skeletal muscle of diabetic subjects. Two forms of CPT1 could exist in skeletal muscle [6] . Figure 2 shows the data of the so-called muscle form, which is the most abundantly expressed in skeletal muscle. We also quantified the mRNA concentration of the liver form of CPT1 (Hs.259785), which was about 25-fold lower than that of the muscle form, with no significant difference between control and diabetic subjects (0.5±0.1 vs 0.5±0.1 amol/µg total RNA in control vs diabetic muscle, p=0.333).
The basal mRNA levels of relevant proteins involved in transcriptional regulation are shown in Fig. 3 . The nuclear receptors of the peroxisome proliferator-activated receptors (PPARs) family are involved in controlling expression of a number of genes of lipid metabolism [25] . There was no difference in the mRNA expression levels of any of the PPAR isoforms in muscle between lean control subjects and Type 2 diabetic patients (Fig. 3) . PPARα was more abundantly expressed than the other PPARs, and PPARγ1 mRNA was at the limit of detection using quantitative RT-PCR. PPARγ2 mRNA was not detectable in human skeletal muscle (data not shown). We also investigated the expression of PPARγ coactivator-1α (PGC1α), a cofactor known to play a role in mitochondrial biogenesis and in regulating the expression of genes involved in oxidative phosphorylation and in glucose and fatty acid metabolism [26] . We observed an approximately 30% reduction in the mRNA levels of the cofactor PGC1α in the muscle of Type 2 diabetic patients (0.9±0.1 vs 0.6±0.1 amol/µg total RNA, control vs diabetic subjects, p=0.08), but the difference was not significant. Figure 4 presents the results of the genes encoding possible regulators of fatty acid oxidation and mitochondrial function. The mRNA expression of the two adiponectin receptors was readily quantifiable in human skeletal muscle. AdipoR1 gene appeared to be more abundantly expressed than AdipoR2, but there was no difference in their mRNA levels between Type 2 diabetic patients and lean control subjects (Fig. 4) . We also found no difference in mRNA expression of pyruvate dehydrogenase kinase 4 (PDK4) and mitofusin-2 (Mfn-2), a recently characterised protein that may participate in maintenance of the mitochondrial network [27] .
The only significant difference between Type 2 diabetic patients and control subjects was observed for ACC2 mRNA (Fig. 4) . Type 2 diabetic patients had a more than 2.5-fold increase in the mRNA levels of ACC2 in skeletal muscle (9±3 vs 25±5 amol/µg total RNA, control vs diabetic subjects, p=0.006).
Increased expression of ACC2 in the muscle of Type 2 diabetic patients was not associated with obesity or chronic hyperglycaemia.
To verify whether the observed alteration in ACC2 expression (Fig. 4) was specific to Type 2 diabetes, we determined ACC2 mRNA levels in skeletal muscle of non-diabetic obese individuals. Biopsies were obtained from nine nondiabetic obese subjects with normal glucose tolerance and no familial history of diabetes (four men, five women, age: 47±2 years, BMI: 34.8±1.0 kg/m 2 , fasting glycaemia: 5.4±0.3 mmol/l, fasting insulinaemia: 11±3 mU/l). They were insulin-resistant as assessed by a 3-hour hyperinsulinaemic clamp (insulin-induced glucose disposal: 5.1±0.6 mg·kg −1 ·min −1 , p=0.028 vs the control subjects). The hyperinsulinaemic clamps were performed under the same experimental conditions as in the other subjects (Table 1) (insulinaemia: 190±34 mU/l and glycaemia: 5.1±0.3 mmol/l). Figure 5 shows that ACC2 mRNA levels were not increased in the skeletal muscle of non-diabetic obese subjects.
We also included a group of nine Type 1 diabetic patients (four men, five women) with similar levels of HBA 1 c (9.2±0.3%) to those of the Type 2 diabetic patients (10.2±0.2%). This was done to assess whether chronic hyperglycaemia could have affected the expression of ACC2 in skeletal muscle. The characteristics of these subjects have been described in detail previously [19] . They were not insulin-resistant as estimated by the mean of a 3-hour hyperinsulinaemic clamp (insulininduced glucose disposal: 8.6±0.8 mg·kg -1 ·min -1 , p=0.45 vs control subjects). As shown in Fig. 5 , the Type 1 diabetic patients had normal expression levels of ACC2 in skeletal muscle.
Importantly, normalisation of the ACC2 mRNA data by the expression levels of a housekeeping gene (cyclophilin) did not modify the results (control subjects: 66.3±14.8% of cyclophilin; non-diabetic obese subjects: 71.3±19% of cyclophilin, p=0.42 vs control subjects; Type 1 diabetic patients: 40.4±6.9% of cyclophilin, p=0.09 vs control subjects; Type 2 diabetic patients: 186.4±27.4% of cyclophilin, p=0.0003 vs control subjects).
Effects of 3-hour insulin infusion on mRNA expression.
To investigate the effect of insulin on the expression of the genes involved in fatty acid oxidation and to verify whether such regulation is altered in muscle of Type 2 diabetic patients, mRNA levels of the 16 target genes were determined in muscle biopsies taken at the end of a 3-hour hyperinsulinaemic-euglycaemic clamp in six subjects per group. The levels of FAPBpm, CPT1, CPT2, CACT, Mfn-2, ACC2, AdipoR2 and PPARα mRNAs were not modified during the clamp in either group (data not shown). Figure 6 shows the mRNA levels of the other genes before and after the clamp. Hyperinsulinaemia increased the mRNA expression of FAT/CD36, FABP3, FACL, Comparison of mRNA levels of acetyl CoA carboxylase-2 (ACC2) in the skeletal muscle of control subjects, nondiabetic obese individuals, and of Type 1 and Type 2 diabetic patients. ACC2 mRNA levels were determined by real-time PCR in muscle biopsies from the different groups of subjects. ACC2 mRNA expression was significantly increased in the muscle of Type 2 diabetic patients (p=0.004 using KruskalWallis analysis for analysis of all groups, and p=0.006 between control subjects and Type 2 diabetic patients using the nonparametric Mann-Whitney test). Obese, non-diabetic obese subjects; T1DM, Type 1 diabetic subjects; T2DM, Type 2 diabetic subjects. Data are means ± SE Fig. 6 . Effects of insulin infusion on the mRNA levels of target genes in the skeletal muscle of control and Type 2 diabetic subjects. The mRNA levels were measured in skeletal muscle biopsies taken from six healthy lean subjects (top line of figure) and six Type 2 diabetic patients (lower line) before (white bars) and after (hatched bars) a 3-hour hyperinsulinaemic-euglycaemic clamp. * p<0.05 for after vs before 3-h insulin infusion (using Wilcoxon's non-parametric test for paired values). Abbreviations, see legend to Fig. 1 . Data are means ± SE PGC1α and PPARγ in the skeletal muscle of lean control subjects. This up-regulation was completely blunted in the muscle of Type 2 diabetic patients (Fig. 6) . Analysis (by non-parametric Mann-Whitney test) of the difference in variation of the mRNA levels of these genes during the clamp showed that the difference between control and diabetic subjects was significant for PGC1α (p=0.033) and PPARγ (p=0.004). AdipoR1 mRNA expression was increased during the clamp in control subjects and in Type 2 diabetic patients (increase about 2-fold in both groups, p=0.041 and p=0.027 in control and diabetic subjects respectively). Finally, the mRNA levels of PDK4 were decreased after 3 hours of insulin infusion (Fig. 6) , and as for AdipoR1, the regulation of PDK4 expression was not affected by insulin resistance and Type 2 diabetes (about 50% decrease in both groups, p=0.015 and p=0.033 in control and diabetic subjects respectively).
Discussion
We have demonstrated a significant increase in the basal expression level of ACC2 mRNA in the skeletal muscle of Type 2 diabetic patients when compared with that in insulin-sensitive lean control subjects. This alteration was not found in the skeletal muscle of non-diabetic obese individuals and Type 1 diabetic patients, indicating that it was not related to obesity-associated insulin resistance or chronic hyperglycaemia. This more than 2.5-fold increase in ACC2 mRNA levels was the only perturbation found among the 16 different genes involved in fatty oxidation and measured in this study. Specifically, we did not find any difference between control and diabetic subjects in the mRNA levels of CPT1 (muscle and liver forms), the rate-limiting enzyme of LCFA catabolism into the mitochondria. If the observed increase in the mRNA concentration of ACC2 results in a higher protein content and activity, the formation of malonyl CoA could be enhanced in the skeletal muscle of Type 2 diabetic patients. In agreement with this hypothesis, a recent report strongly suggested that there is a higher rate of malonyl CoA synthesis in the skeletal muscle of subjects with Type 2 diabetes [28] . Moreover, it has been shown that the malonyl CoA fuel-sensing mechanism can operate in humans [29, 30] .
Taken together, these data support the hypothesis of malonyl CoA/CPT1 interaction [6] , which suggests that a higher rate of malonyl CoA production in the muscle, leading to inhibition of CPT1, reduces fatty acid oxidation and promotes re-orientation of the metabolic fate of fatty acids toward esterification and storage within the muscle cells in insulin-resistant Type 2 diabetic patients. Measurement of the activity of ACC2 and study of its regulation in skeletal muscle of diabetic subjects could provide more support for this hypothesis.
Adiponectin (also called Acrp30) is a circulating protein produced almost exclusively by adipose tissue. The concentration of adiponectin correlates with whole-body insulin sensitivity [16] . Experiments in rodents have demonstrated that adiponectin plays a role in regulating fatty acid metabolism in skeletal muscle. Administration of adiponectin to mice increased fatty acid oxidation [14, 15] and induced the expression of several genes involved in this pathway (FAT/CD36, PPARα, acyl CoA oxidase) [31] . Furthermore, incubation of rat muscle with recombinant adiponectin resulted in a significant reduction of ACC activity and consequently in a decrease in malonyl CoA concentrations [15] .
The receptors for adiponectin were cloned very recently and two forms, generated by distinct genes, were found to be expressed in mice skeletal muscle [17] . We confirmed here the presence of these two receptors in human muscle, with AdipoR1 mRNA being more abundant than AdipoR2 both in lean control and in insulin-resistant subjects. There was no alteration in the expression of adiponectin receptors in the skeletal muscle of Type 2 diabetic patients. However, defective signalling of these receptors in muscle cells of insulin-resistant individuals cannot be excluded at this stage of the study and remains to be investigated.
Using microarray analysis of human muscle transcriptome, two groups recently reported that the expression of a set of genes involved in oxidative phosphorylation was decreased in Type 2 diabetic patients [10, 11] . These genes appeared to be co-regulated by PCG1α-activated transcription factors and the expression of this cofactor was found to be reduced in the muscle of Type 2 diabetic patients. These data led the authors to suggest that decreased expression of PGC1α may be involved in the disturbances of oxidative metabolism in insulin resistance and Type 2 diabetes [10, 11] . We found that the mRNA levels of PGC1α in the muscle of the obese diabetic patients were lower than those in muscle of lean control subjects. Although the difference was not significant, the magnitude (about 30%) was in the same range as previously reported [10, 11] . Direct investigation of the function of PGC1α in human muscle and its defects in insulin resistance should increase understanding of the possible role and importance of this cofactor in the pathogenesis of Type 2 diabetes.
In addition to the comparison of mRNA levels in the basal state, our study provided new data regarding in vivo regulation of the expression of the genes involved in fatty acid metabolism in human skeletal muscle. A 3-hour period of hyperinsulinaemia was associated with significant increases in the mRNA levels of FAT/CD36, FABP3, FACL and PPARγ in lean control subjects. All these genes code for proteins implicated in the entry and storage of fatty acids. This was consistent with the metabolic action of insulin, which has consistently been shown to increase uptake of fatty acids, particularly through FAT/CD36 [32] , and to stimulate their esterification in vivo and in vitro in muscle [33] . Insulin infusion also induced the mRNA expression of PGC1α in the muscle of lean control subjects. Interestingly, it was recently shown that insulin stimulates mitochondrial oxidative phosphorylation [34] and up-regulates expression of the set of genes coding the enzymes of this pathway [21, 34] in human skeletal muscle in vivo. Changes in PGC1α expression during the hyperinsulinaemic clamp suggest that PGC1α could participate in this coordinated transcriptional action of insulin on this set of genes.
The mRNA expression of AdipoR1, but not of ApidoR2, was significantly induced during the 3 hours of hyperinsulinaemia. Several reports have shown an effect of adiponectin on glucose transport and metabolism [15, 16] . Moreover, overexpression of AdipoR1 in cultured muscle cells increased glucose transport [17] . The induction of AdipoR1 by insulin during the clamp could thus be consistent with a role of this receptor in pathways other than fatty acid oxidation.
Pyruvate dehydrogenase kinase 4 is an important regulator of pyruvate dehydrogenase, the rate-limiting enzyme of pyruvate, and thus glucose oxidation [35] . PDK4 phosphorylates pyruvate dehydrogenase, leading to reduced pyruvate oxidation and enhanced use of fatty acids as energy fuel by the mitochondria [35] . We found a decreased expression of PDK4 during hyperinsulinaemia. This effect was consistent with the stimulation of glucose oxidation observed during the clamp.
The induction of FAT/CD36, FABP3, FACL, PPARγ and PGC1α mRNAs during the hyperinsulinaemic clamp was prevented in the obese Type 2 diabetic patients. A substantial body of data has shown that the regulation of gene expression by insulin is altered in the skeletal muscle of insulin-resistant subjects [19, 36, 37] . In the present study, however, only a small number of subjects (n=6 per group) participated in the investigation of insulin action on gene expression. Differential regulation during the clamp appeared to be significant only for PPARγ and PGC1α mRNAs, strengthening the possible role of a deregulation at the level of the regulation of transcription in Type 2 diabetes [10, 11, 19] . Interestingly, however, the regulation of AdipoR1 and PDK4 expression was not altered in the muscle of diabetic patients. This suggested that different mechanisms of action of insulin on gene expression could occur. Some of these mechanisms could be altered in diabetic patients, whereas others could be independent of the disease. Alternatively, effects on the stability and turnover of specific mRNAs during the clamp could also contribute to the differential regulation. Finally, it is important to note that several parameters varied during the clamp, and it cannot therefore be ruled out that some effects on gene expression were not directly dependent on insulin action.
In summary, we compared the pattern of mRNA expression of 16 genes coding proteins of fatty acid oxidative metabolism in skeletal muscle of lean control subjects and Type 2 diabetic patients. We found that both adiponectin receptors are expressed in human skeletal muscle and that there is no defect in their mRNA expression levels in Type 2 diabetes. A marked increased in the basal mRNA levels of ACC2 without alteration in CPT1 expression was observed in the muscle of Type 2 diabetic patients, supporting the hypothesis that the malonyl CoA/CPT1 interaction might play a crucial role in the reduction of fatty acid oxidation seen in the muscle of diabetic patients.
